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Abstract—This paper presents a grid connected multilevel 
topology for photovoltaic (PV) systems. Usually, multilevel 
converters for PV application suffer from a distorted output 
current and voltage when the submodules are not subjected to 
an even solar irradiance. The difference in submodules 
irradiance results in different submodules duty cycles when 
maintaining the maximum power point tracking (MPPT). The 
distortion of the output current is proportional with the 
difference of the cells duty cycles. To this regard, a multilevel 
topology for PV applications is proposed along with a control 
and modulation strategy. In this proposed topology, H6 bridge-
based cell is used instead of an H-bridge one. In case of solar 
irradiance mismatch, the proposed converter injects power with 
less voltage from the shaded cells without altering the PV 
voltage, and hence, the MPPT. This modification allows 
retaining a tantamount duty cycle in all cells whatever the 
meteorological conditions are present. To test the effectiveness 
of the proposed idea, a detailed simulation model was set up. The 
results show that the proposed concept provides a significantly 
improved output current quality compared to the cascaded H-
bridge topology. 
Keywords—Cascaded converter, Grid connected, H-bridge, 
MMC, MPPT, Partial shading, Photovoltaic, P&O, Power quality. 
 
I. INTRODUCTION  
The integration of renewable energy sources such as 
photovoltaics is continually increasing, which is motivating 
researchers to design high efficiency, reliable and low cost 
dc-ac inverters. Several PV inverter categories were tested in 
the last decades, and they can be grouped as centralized, 
string, multi-string, module integrated, and cascaded 
categories [1]. In Centralized category, an inverter is 
dedicated to the whole PV strings, which could be a voltage 
source converter, an H-bridge inverter, flying capacitor...etc 
[2]-[3]. Each PV string is feeding the grid through an inverter 
in string category [4]. In multi-string category, the inverter 
connected to the grid is fed by a paralleled dc-dc converters, 
which are connected to a PV string each [5]. Each module is 
connected to a small rating inverter (micro-inverter), in 
module integrated category [6]. Cascaded topology can be 
sub-divided into two main classes: 
1-Cascaded dc-dc: in this class, each string is connected to 
a dc-dc converter, and these converters are cascaded to 
form a dc-link for a high voltage inverter, the latter is 
usually a modular multilevel converter (MMC) [7]. 
2-Cascaded dc-ac: each string is connected to a dc-ac 
inverter, and these inverters are cascaded to form 
together the grid current [8]. 
Modular multilevel converters are a very promising 
candidate since they offer a robust, efficient, and fault tolerant 
power electronic converters [9]. These power converter 
topologies can provide high-quality voltage waveforms with 
semiconductor switches working at a frequency near the 
fundamental when the number of levels is high. Among them, 
the cascaded H-bridge (CHB) power converter [10], which is 
composed of a series connection of H-bridges, each one of 
them is connected to a separate dc voltage source. This feature 
allows the connection of PV panels in each H-bridge, and 
hence independent maximum power point tracking can be 
performed, which in its turn, increases the efficiency of the 
overall system and the energy injected to the grid [11]-[12]. 
The commonly used Pulse Width Modulation (PWM) 
technique in multilevel converters is the Phase Shifted PWM 
(PS-PWM) [13]. In CHB application, the PS-PWM is 
described as a unipolar multi-carriers, one carrier for each H-
bridge, where the shift between these carriers is equal to π/n 
(n is the number of H-bridges). This modulation strategy 
offers equal power distribution and equal power losses among 
the H-bridges, as well as multiplicative effect (2nmf) of the 
output voltage switching-frequency [13]. 
However, in case the H-bridges are subjected to uneven 
solar irradiance, due to partial shading or dust on the PV 
panels, high order harmonics are generated in the injected 
current to the grid. Several works that deal with this problem 
are reported in the literature [14]-[17]. In [14], the balance of 
the H-bridge voltages is considered by using Zero Sequence 
Generation approach; however, this strategy does not seem to 
be suitable for PV applications since the H-bridge voltage 
should be regulated by using an MPP tracker. In [15], the use 
of a variable shifting angle is the main principle, this approach 
offers a cheap solution, but, it is appropriate only when using 
three cascaded H-bridges. The authors in [16], proposed the 
use of an extra battery fed H-bridge to overcome this problem 
in case two cascaded H-bridges are used. The focus when the 
partial shading takes place between the phases, instead of 
within the cells of one phase was considered in [17]. 
The main cause of the harmonics generated in the output 
signals when the solar irradiance is not balanced, is the 
difference in the duty cycles. When the irradiance decreases, 
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Fig. 1. The proposed cascaded multilevel topology for PV systems.  
 
 
the controller limits the duty cycle in order for the shaded PV 
panel to match its new MPP current, consequently, different 
duty cycles are fed to the modulator. In this case, the shaded 
cell starts injecting power with a certain delay (td) and stops 
injecting power before the expected time by a td. Since in 
modular multilevel converters the cells are grouped together 
to form the output signal (output current and voltage), the 
timing is a critical parameter, any delayed or advanced 
operation of any cell compared to the rest of cells may 
deteriorate the output signal. 
In this paper, an H6 cell-based multilevel converter is 
proposed, where the issue of the timing can be fixed as 
explained and investigated in the following. 
 
II. PROPOSED MULTILEVEL TOPOLOGY 
A dc-dc converters can be placed between each PV string 
and H-bridge, which ensures a decoupled control between the 
PV voltage and the H-bridge dc-link voltage. The dc-dc 
converter can be a boost, buck, or flyback converter [18]. 
However, this solution adds more passive elements, 
consequently, the hardware is sizable and more expensive. 
For this purpose, H6 bridge has been chosen to replace the H-
bridge in each cell, in which the dc-link capacitor is replaced 
by a split dc-link capacitor, and only two active switches and 
two diodes are added. The overall schematic of the proposed 
multilevel converter for PV application, where n cell are 
considered, is illustrated in Fig. 1. The proposed concept 
consists of injecting power with less voltage from the shaded 
cells without altering the PV voltage, and hence, the MPPT. 
The control of the proposed topology is divided into three 
parts, the grid injected current control, an independent MPP 
tracking in each cell, and H6 capacitors insertion and voltage 
control. 
Each cell output voltage can be assessed as the following: 
 
( ) ( ) 1, ...,1i 2i 5i C5i 6i C6iiSubv S - S S v + S v i n→= ⋅ =      
(1) 
 
where Sxi is the xi semiconductor state (which could be either 
on or off), according to Fig. 1, i refers to the cell index and x 
denotes to the semiconductor number in that cell. vSubi, vC5i, 
and vC6i are the output voltage, the voltage across the capacitor 
C5 and the voltage across the capacitor C6 of the ith cell, 
respectively. 
If the capacitors in each cell are balanced, the cell voltage 
can be expressed as: 
 
 ( )
2
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  (2) 
such as, vPVi is the voltage of the ith PV array. 
The dynamic behavior of each cell can be defined by the 
following differential equation: 
 
( )( ){5,6}{5,6} {5,6}C ii PVi 1i 2i i gdvC i S - S S idt = − ⋅ ⋅     (3) 
 
Thus, according to Kirchhoff’s voltage law, the dynamic 
behavior of the overall system can be determined as follows: 
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where vg, ig, Lf, and rf are the grid voltage, the injected current 
to the grid, the filter inductance, and the filter stray resistor, 
respectively. 
 
III. CONTROL STRUCTURE 
In the literature, many controls have been proposed for the 
cascaded H-bridge. These controls are suitable for the case 
where the converter is used in rectifier mode or in inverter 
mode. Their merits are analyzed and investigated in [20]. The 
classical control, with one Proportional Integral (PI) 
controller for each cell voltage and one Proportional Resonant 
(PR) controller for the output current is adopted in this paper 
(see Fig. 2). This control strategy has proven to be the most 
efficient when using different voltages in the cells, which is 
the case here since these voltages will be determined by using 
separate MPP trackers [12], [19], [20].  
As can be seen from Fig. 2, from i=2 to n, the cells 
voltages are the only controlled variables in the loops. The 
voltages are controlled through a PI controllers, which their 
outputs provide the modulation indexes. These PI controllers 
can be expressed as the following: 
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where KPv and KIv are the proportional and integral gains of 
the cell voltage loop, respectively, and Ui
peak  is the 
modulation index of the ith cell. In order to obtain the 
switching functions, these modulation indexes are multiplied 
by a normalized sinusoidal signal, that is synchronized with 
the grid voltage. The phase angle of that later is determined 
through a Phase Looked Loop (PLL). 
In the first cell, one PI controller is designated to control 
the total voltage based on all the voltage references provided 
by the MPPTs. The output of this controller generates the grid 
peak current ( ig
peak ), which is multiplied by a unitary 
sinusoidal signal, that is synchronized with the grid voltage. 
The total voltage regulator can be written as follows: 
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such as KPV and KIV are the proportional and integral gains of 
the total voltage loop, respectively.  
A PR controller caters the modulator reference that should 
be applied in order to obtain the grid current reference. The 
ideal PR controller is given by: 
( ) ( )2 2
s
s
ref
Ri g gref ref
Tatal Pi g g
g
K i i
U K i i
−
= ⋅ − +
+ ω
            (7) 
 
where KPi and KRi are the proportional and resonant gains of 
the grid current controller, and ωg is the grid frequency. 
However, the ideal PR controller may cause instability 
problems due to the infinite resonant gain. The later problem 
can be solved by introducing a damping as follows: 
( ) ( )2 2
2 s
s 2 s
ref
c Ri g gref ref
Tatal Pi g g
c g
K i i
U K i i
ω −
= ⋅ − +
+ ω + ω
         (8) 
such as, ωc represents the bandwidth around the grid 
frequency. 
Since UTotal
ref  represents the total switching function, the 
switching function of the first cell is assessed by subtracting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the sum of the rest of the switching functions from UTotal
ref  
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The switching states of Sxi, where i ∈ [1,4] (H-bridge 
switches), are generated from PS-PWM. Whereas, Sxi, where 
i ∈[5,6] (extra switches) are generated as shown in Fig. 3. In 
case, the irradiance is balanced among all cells, and the H-
bridge is inserted, these two switches are both gated ON. If 
one of the cells is shaded, these switches are controlled 
differently. The switch corresponds to a higher capacitor 
voltage is gated ON when the H-bridge is inserted, i.e. if vC5i 
is higher, then S5i is gated ON when at the H-bridge is 
inserted, otherwise S6i is gated ON. Note that, Hi in Fig. 3 
determines whether the ith cell is shaded or not, where it takes 
high logic value when the cell is shaded, and low logic value 
otherwise. 
 
IV. SIMULATION RESULTS AND DISCUSSION 
In this section, the proposed cascaded H6-inverter is 
designed and simulated in PLECS [21], as a 2.4-kW single-
phase inverter. This inverter is designed to be fed from a PV 
strings, whose voltage ranges from 90 to 120V connected to 
a 4mF capacitors in each cell, whereas the grid rms voltage is 
150 V. The PV strings are formed by a three series PV panels, 
whose specifications are as follows: vOC=38.9V, 
vMPP=34.64V. iSC=7.56A, and iMPP=7.35A. The grid 
fundamental and the switching frequencies have been set to 
50Hz and 2.5kHz, respectively. The output inductor filter has 
been chosen to be 2mH. The MPPTs are the conventional 
Perturb and Observe (P&O) [22], and their frequency and 
 
 
 
 
 
Fig. 3. Capacitors insertion in the partially shaded submodules. 
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Fig. 4. Simulation results of the proposed topology showing the case of a 
balanced solar irradiance among the three cells, (a) the power drown from 
the three strings,(b) the reference and measured voltage of the first PV string, 
(c) the reference and measured voltage of the second PV string, (d) the 
reference and measured voltage of the third PV string. 
 
 
voltage step size have been set to 10Hz and 0.3V, 
respectively. 
Fig. 4 shows   the simulation results of the power extracted 
from the arrays and the cells voltages of the proposed 
topology when all the three cells are subjected to the standard 
test conditions (STC). The STC are 1kW/m2 irradiance and 
25˚C temperature. Note that, the lines of the power in cell one 
and two are not clear in the figure since they are congruent 
with the blue one. As can be seen from these two figures, the 
proposed topology provides a similar results to those reported 
in [12], whose are of the CHB in case of a balanced solar 
insolation. 
A test that consists of two phases has been performed on 
the proposed topology. During the first phase, the switches Si5 
and Si6 are turned ON simultaneously to simulate the 
operation of the CHB. After 4 seconds, the second phase of 
the test starts, and the semiconductor switches Si5 and Si6 
begin their normal operation as explained earlier in section 
III. During both phases, the first and second cells were under 
the STC, whereas the third cell was subjected to 0.5kW/m2 
irradiance. As can be seen from Fig. 6, the duty cycle of the 
third cell during the first phase has a peak value that is nearly 
half of the peaks of the duty cycles in cells one and two. As a 
result, the third cell is operating less than the rest of 
cells―during each switching period, the third cell starts after 
 
 
Fig. 5. (a) the output voltage, (b) the grid current, when the three PV strings 
of the proposed topology are under the stander test conditions. 
 
 
a delay and stops in advance. Since in multilevel-cascaded 
converters all the cells form the same output signals (voltage 
and current), any advance or delay of any cell may deteriorate 
theses output signals. 
The output voltage and the injected current of the seven 
level CHB (first phase) are shown in Fig. 7(a) and (b), 
respectively. One can note from Fig. 7(b), that the injected 
current has a ringing, which represents a high order 
harmonics due to the difference in duty cycles among the 
cells. 
As can be seen from Fig. 6, at the starting of the second 
phase, where the converter begins to operate as a cascaded 
H6, the duty cycle of the first cell get affected since it is 
designated for the control of both the total and the first cell 
voltages. The duty cycle of the first cell settles down again 
after 0.2 second.  
One can note from this figure, that the duty cycle of the 
shaded cell increases and ended up having nearly the same 
duty cycle in cell one and two after 0.2 second. As a 
consequence, and as it can be observed from Fig. 9(b), the 
current provided by the proposed topology does not present 
 
 
 
 
Fig. 6. The duty cycles of the three cells when the converter is operating first 
in H-bridge mode and then H6 mode. The first and second cell are under the 
STC, while the third one is under 500W/m2.
 
Fig. 7. Simulation results of the CHB when the first and second cell are 
subjected to 1KW/m2, whereas the irradiance of the third cell is 0.5KW/m2, 
(a) the output voltage, and (b) the injected current to the grid. 
 
 
any ringing since the difference in duty cycles has been 
eliminated. 
By inserting power with less voltage from the shaded cell, 
the instantaneous delivered power by the cell can be reduced. 
In order to keep tracking the MPP voltage and/or current in 
these conditions, the duty cycle has to be increased, which 
will keep the delivered power over a period of time at the 
MPP power. 
The harmonic spectrums of the grid current in case of 
using CHB and the proposed topology are shown in Fig. 8. It 
can be seen from this figure, that in case of partial shading the 
CHB generates important harmonics located in the 
neighborhood of the switching frequency and its multiple 
(2fsw). Contrastively, in the proposed topology these 
harmonics are significantly reduced. The effect of the 
different duty cycle values may also increase the low order 
harmonics. One can note form Fig. 8, that the fifth harmonic 
is also less in the proposed multilevel converter. 
 
 
V.  CONCLUSION 
A solution to the distorted current in the multilevel-
cascaded converters when the cells are subjected to a different 
irradiance levels has been proposed in this paper through a 
new topology. The proposed topology and its control have 
been explained. It has been verified in this paper, that the 
main cause of the current distortion in cascaded-multilevel 
converters in PV applications is the difference in duty cycle 
 
 
 
 
Fig. 8.  Harmonic spectrums of the grid current in the CHB and the proposed 
topology. 
 
Fig. 9. Simulation results of the proposed topology when the first and second 
cell are subjected to 1KW/m2, whereas the irradiance of the third cell is 
0.5KW/m2, (a) the output voltage, and (b) the injected current to the grid. 
 
 
values. In the proposed topology, the duty cycle in the shaded 
cell can be increased to a similar level of the non-shaded cells 
duty cycles by decreasing the cell voltage seen by the output 
of the converter. The simulation results confirmed that the 
proposed converter provides a high quality current, while 
maintaining the MPP tracking in all cells. 
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